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Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Supplemental Information
Concentrations of chemical constituents in soils are given in milligrams per kilogram (mg/kg). Results for measurements of stable isotopes of an element (with symbol E) in water, solids, and dissolved constituents commonly are expressed as the relative difference in the ratio of the number of the less abundant isotope (iE) to the number of the more abundant isotope of a sample with respect to a measurement standard. 
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Abstract
Identifying sources of sediment to streams in the Sprague River Basin, in south-central Oregon, is important for restoration efforts that are focused on reducing sediment erosion and transport. Reducing sediment loads in these streams also contributes to compliance with the total maximum daily load reduction requirements for total phosphorus in this basin. In the Sprague River Basin, phosphorus occurs in surface waters in both dissolved phase and particulate phase, and particulate phosphorus is readily transported in streams on fine-grained suspended sediments, which eventually deposit in Upper Klamath Lake. The lake has seasonal blooms of cyanobacteria that require phosphorus for growth and degrade water-quality conditions, violating State water-quality standards and creating conditions that are stressful to two endangered suckers that reside in the lake. Identifying sources of sediment to the Sprague River could help inform restoration actions by determining the principal locations in the basin contributing fine sediment to the river. The U.S. Geological Survey, in cooperation with the U.S. Fish and Wildlife Service, conducted a proof-of-concept study to determine if sediment fingerprinting can differentiate sources of bank erosion by source material, basin, river reach, and soil horizon. The sediment fingerprinting approach uses properties of streambank and streambed sediment to differentiate between multiple sediment sources by determining a composite signature, or fingerprint. The composite fingerprint is established by combining fingerprint properties from laboratory results of elemental analysis, stable isotopes, and total carbon and nitrogen. The methods for differentiating sediment samples for this study include grouping bank and bed samples by basin, river reach, and soil horizon, and using non-parametric statistics to determine which fingerprint properties could be used to differentiate the sample groups. Results indicate that fingerprint properties differentiated source material, river reach, and basin, and were more successful at differentiating samples grouped by geographic location (basin and reach) compared to source material. Source material (banks, bed, levees) were differentiated with three fingerprint properties-Antimony (Sb), copper (Cu), and manganese (Mn). The basin category (South Fork and main-stem Sprague River) differentiated the South Fork and main stem with stable nitrogen isotopes (δ 15 N), aluminum (Al), silicon (Si), and vanadium (V). Specific river reaches within the study area were differentiated with 11 different fingerprint properties. These results can be used
Introduction
The Sprague River is one of the main tributaries to Upper Klamath Lake (UKL), a hypereutrophic (nutrient-rich) lake in south-central Oregon supporting large blooms of cyanobacteria during the dry season, which typically lasts from June to October (Eldridge and others, 2012) . The blooms cause poor water-quality conditions that are considered one of the contributors to survival problems for two species of suckers, Shortnose (Chasmistes brevirostris) and Lost River (Deltistes luxatus) suckers, listed as endangered under the Federal Endangered Species Act (16 U.S.C. 1531 et seq.) (U.S. Fish and Wildlife Service, 1988) . The dominant cyanobacterium in the lake is the filamentous alga Aphanizomenon flos-aquae (AFA) (Wood and others, 2006) . AFA is a diazotrophic cyanobacterium, meaning it can fix atmospheric nitrogen (N), and therefore thrive when the supply of bio-available phosphorus (P) in the lake is adequate to promote cell growth (Rouhe and Rueter, 2018) . Sources of P for AFA blooms in the lake are both external (tributaries to the lake) and internal (bottom sediments in the lake) (Walker and others, 2012; Wood and others, 2014) . Within a bloom cycle, most of the P that feeds the bloom is recycled from the lake sediments, but the P in the sediments is a legacy of antecedent external loads, so control of external P loads is a high priority for management of the lake (Schenk and others, 2016; Wherry and others, 2015) .
Streams in the Upper Klamath Basin, including the Sprague River, transport suspended sediment and associated P to UKL (Schenk and others, 2016; Walker and others, 2015) . Phosphate ions are easily adsorbed by the sediments, particularly those sediments containing iron and aluminum oxide minerals (Stumm and Morgan, 1981) . P is identified as the main pollutant causing violations of Oregon water quality standards in the lake, and the Total Maximum Daily Load (TMDL) established for UKL requires a 40-percent reduction in external P loads to meet those standards, which equates to a target load of 109 metric tons per year of total P from external sources (Boyd and others, 2002) .
Restoration efforts that reduce bank erosion to mitigate suspended sediment loads have occurred in discrete locations in the Sprague River Valley for many years, and current waterquality management plans emphasize streamside vegetation protection and enhancement to control water pollution from agricultural activities and to prevent and control soil erosion along streambanks (Oregon Department of Agriculture, 2017). These efforts have included reducing riparian disturbances from cattle grazing by fencing, converting straightened channels into meandering channels (channel realignment), and reconnecting flood plains to main-stem channels through levee setbacks and removals (Newfields River Basin Services, 2012).
One way of identifying the main sources of sediment in the basin is with sediment fingerprinting techniques others, 2016, 2017; Collins and others, 2017) . Sediment fingerprinting is an increasingly common technique that exploits the chemical composition of sediment to determine nonpoint sources of erosion (Collins and Walling, 2002; Mukundan and others, 2012; Haddadchi and others, 2013; Koiter and others, 2013; Walling, 2013; Gellis and others, 2016) . Most fingerprinting studies assume that the fingerprint properties are conservative in nature, meaning they do not change as a result of erosion and transport processes, or evolve in a predictable manner (Collins and others, 2017) . However, the assumption of conservativeness represents an area of much-needed research.
Sediment fingerprinting is only successful if the source material has unique natural tracer characteristics (hereinafter "fingerprint properties") (Chattopadhyay and others, 2016) . A key first step in sediment fingerprint studies, and the main goal of this proof-of-concept study, is to identify unique combinations of fingerprint properties (chemical and isotopic) to differentiate between sediment sources. Different erosion and transport processes and sediment source types dictate which fingerprint properties will be most successful in distinguishing between sediment sources (Koiter and others, 2013) . Erosion of streambank and channel material by channel incision was previously identified as the primary source of suspended sediment in the Sprague River Basin (O'Connor and others, 2015) . Therefore, for this pilot study, streambanks and channel bed material primarily were sampled, and some samples also were collected from constructed levees along the stream corridor. Land use within the study area is pastureland used primarily for cattle grazing or agricultural fields of hay and alfalfa, but also includes some forested lands.
For this study, stable isotope, organic carbon (C) and N, and inorganic elemental fingerprint properties related to the geology and history of the streambank sediment were the primary focus of the laboratory analysis. These fingerprint properties allow for differentiating sediment by source material, sub-basin, stream reach and soil horizon, the chemical compositions of which may vary.
Study Area
The Sprague River drains 4,167 km 2 of south-central Oregon in Lake and Klamath Counties near the California border ( fig. 1 ). Formed by the confluence of its north and south forks in eastern Klamath County, the Sprague River is a major contributor, along with the Williamson River, of sediment, nutrients, and water to UKL. Except for the uplands near the headwaters, much of the Sprague River and its north and south forks flow through a wide alluvial valley interrupted by narrow canyon reaches. The uplands mostly are formed by upper Miocene and Pliocene basalt and basaltic andesite lava flows issued from local vents and shield volcanoes (O'Connor and others, 2015) . The broad alluvial valley mostly is from volcanic and sedimentary rock sources. The main tributaries to the Sprague River are the Sycan River (drainage area 1,447 km 2 ) and Trout Creek (71 km 2 ) ( fig. 1 ). A detailed geologic map of the study area can be found in O'Connor and others (2015). Vegetation in the uplands of the basin consists of mixed conifer forests of mostly ponderosa and lodgepole pine. Valley bottoms are dominated by riparian shrublands, wetland vegetation, and grassland meadows. Much of the valley is used for agriculture, mainly irrigated pasture grasses and hay to support livestock. The transition zone between the cooler uplands and the warmer valley bottoms is vegetated by sagebrush and juniper.
The Natural Resources Conservation Service (NRCS) has mapped the soil units in the Sprague River Basin as silt or clay loam over layers of ashy sandy clay loam (Cahoon, 1985) . Soil depth is greater than 1 m in most places. Soil unit 4352, or the Klamath-Ontko-Dilman complex (a poorly drained floodplain soil), is mapped exclusively in the South Fork Sprague River (SF) and the Sprague River main stem from the North Fork (NF)/SF confluence to Trout Creek (Cahoon, 1985;  fig. 1 ), likely indicating the historic drainage conditions and vegetation. The SF probably was more of a wet meadow compared to other parts of the Sprague River because of bedrock and colluvial slope constrictions near Beatty Gap (O'Connor and others, 2015; fig. 1 ). The soil complex contains Klamath soil (a very dark gray and black silty clay), the Ontko soil (a black silty clay loam), and Dilman soil (a black silty clay and black silty clay loam; Cahoon, 1985) . East of Beatty Gap, NRCS observed Quaternary silty diatomaceous lacustrine deposits, indicating previous inundation by water.
Geomorphic and land-use observations, as well as suspended sediment sampling, suggest that the SF likely is a major contributor to suspended sediment loading in the Sprague River system (Graham Matthews and Associates, 2007; O'Connor and others, 2015) . Currently, incision, levees, and irrigation ditches, as well as draining and leveling of floodplains, have turned the former wet-meadow complex into a straightened channel that rarely inundates its floodplains. The channel straightening and disturbance in streamside vegetation has increased erosion through channel incision and bank erosion (O'Connor and others, 2015) . Channel confinement by levees, dikes, and roads often leads to erosion of channel beds (incision), which results in higher shear stress on the bed as larger flows are constrained within the banks, and can ultimately lead to deeper and faster streamflow promoting erosion of stream channels (Watson and others, 2002) . The downstream reaches of the Sprague River are depositional: 137 Cs isotope data indicated recent sediment deposition along the floodplains downstream of the SF/NF confluence (O'Connor and others, 2015) , and a sediment budget from 2004-06 showed that about 63 percent of the total suspended sediment load from the NF and SF Sprague River was measured at the basin outlet near Chiloquin (Graham Matthews and Associates, 2007) . These lower reaches (downstream of the NF/SF confluence) have been modified by levees, irrigation ditches, and diversion dams; however, they have retained a high sinuosity and connectivity to the floodplain compared to the SF.
Methods
Streambank Sampling
Because the main source of suspended sediment in the Sprague River was previously determined to be bank erosion (O'Connor and others, 2015) , this study did not target any additional source areas such as agricultural fields, ditches, or forested land. Additional observations from a field reconnaissance (June 2017) also indicated that most of the sediment erosion was occurring along the channel banks for three reasons: (1) minimal upland erosion or rilling was observed; (2) thick grass and vegetation upland could deter erosion of those sediments; and (3) many eroding banks greater than 1 m high were observed, composed of only fine-grained sediment (figs. 2 and 3). As a result, our sampling efforts were focused on collecting sediment from the river banks and bed material in the active channel. Artificial levees also were sampled as another possible sediment source that could be distinct from sediment that is weathering naturally in place. This sampling approach is a departure from random sampling designs of varied target and source areas that are well connected to the river (Davis and Fox, 2009; Du and Walling, 2017) . Sample locations were selected along the NF, SF, and main-stem river reaches, based mainly on soil type in those reaches and accessibility because most of the Sprague River channel is on private land. Sites also were chosen to represent a large spatial area of the basin. Most samples were collected in the Klamath-Ontko-Dilman mapped soil unit, which is mapped almost exclusively in the NF, SF, and main-stem Sprague River from the headwaters to Trout Creek (fig. 1 ). The three sites closest to the Sprague-Williamson River confluence represented mapped soil units Maset coarse sandy loam and the Woodcock gravelly medial loam. Three samples in the upper NF Sprague River were collected in an unmapped soil unit ( fig. 1) . At each site, soil material was categorized into three types-bank, bed, and levee (table 1) . Bank samples were those that were collected from river banks with distinct soil horizons or visible flood plain stratigraphy and composed most of the samples collected. Bed samples were collected within the channel and represented sediment that was eroded, transported by the river, and deposited in the streambed. Levee samples were collected from the banks of known constructed levees and were assumed to be composed of fill material that could be a source of sediment to the river.
At each sampling location, the height of the exposure from the top of the eroding surface to the water surface was measured and the stratigraphy was briefly described. Qualitative descriptions of vegetative cover and material including soil texture, cohesiveness, and color were recorded at each site (appendix 1). At sites where different soil horizons were identified, each horizon was sub-sampled for analysis. Soil samples were collected in a glass bowl and mixed with a large plastic spoon from three or four locations within each soil horizon along a 10-m section of the bank. Samples were then transferred to a glass jar for metals and base cation (elemental) concentration analysis or to aluminum foil and plastic sample bags for stable isotope analysis. The stable isotope laboratory also analyzed the samples for total carbon (TC) and total nitrogen (TN). At some locations, all the soil horizons were composited into one sample at a single location on the riverbank to compare concentrations of fingerprint properties from individual soil horizons to the composite sample. A total of 62 samples from 21 sites plus 4 samples for quality assurance (QA) were collected for analysis of metals and base cations, and stable isotopes (table 2) . As a result, the total number of samples analyzed by the laboratories for this study was 66, including QA samples (appendix 1). The four QA samples and two other samples did not have equal number of results for all fingerprint properties because some were sent to either RTI Laboratory (a contract laboratory for the U.S. Geological Survey [USGS], Livonia, Michigan) for elemental concentration analysis or to the USGS Reston Stable Isotope Laboratory (RSIL) in Reston, Virginia, and, therefore, did not have the same number of results per sample. As a result, these samples were omitted from the dataset prior to statistical analysis, resulting in a total of 60 samples for the statistics used to differentiate sediment sources. 
Laboratory Analysis
Samples analyzed for elemental concentration by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) were wet sieved through a 63-µm synthetic (nonmetallic) sieve prior to laboratory analysis. Samples analyzed for C and N isotopes were wet sieved through a 63-µm brass sieve. The size fraction less than 63 µm represents most suspended sediment (about 90 percent) that is transported in the water column during moderate flow events in the Sprague River, as evidenced by suspended-sediment samples collected by the U.S. Geological Survey (USGS) (Schenk and others, 2016) .
Sediment samples for elemental concentrations were analyzed by RTI Laboratories for metals and base cations using U.S. Environmental Protection Agency method 6010C, ICP-AES (U. S. Environmental Protection Agency, 2000). Elemental concentrations of calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), silicon (Si), aluminum (Al), barium (Ba), beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), lithium (Li), manganese (Mn), molybdenum (Mo), nickel (Ni), silver (Ag), thorium (Th), vanadium (V), zinc (Zn), antimony (Sb), argon (Ar), boron (B), and selenium (Se) were determined following this method. Total phosphorus as P was analyzed using method A4500 P-F(American Public Health Association, 2017). A second set of samples was sent to the RSIL for analysis of carbon stable isotopes (δ 13 C), nitrogen stable isotopes (δ 15 N) following methods in Résvész and others (2012) . TC and TN concentrations were provided by the RSIL and are produced by mass spectrometer as the by-products of the isotope analysis. The laboratory obtains a mass amount of C and N as part of their isotopic analysis by comparing environmental sample results to reference standards, and then divides the elemental mass by total mass of the sample to obtain a concentration reported in milligrams per kilogram. The RSIL does not have a standard operating procedure (SOP) for C and N analysis because it is part of the analytical sequences for stable isotopes. Laboratory uncertainty for δ 13 C and δ 15 N analyzed at the RSIL is plus or minus 0.50 per mil (‰). Reporting levels for samples analyzed at RTI Laboratories are shown in appendix 1.
Statistical Analysis
To identify unique fingerprint properties that could be used to differentiate various sediment sources, we used a multi-step statistical procedure. All statistical analyses were done with R programming language (R Core Team, 2017) using the MASS (Venables and Ripley, 2002) and klaR (Weihs and others, 2005) packages. Before statistical tests were done, the datasets were tested for normality using the Lilliefors test, an adaptation of the Kolmogorov-Smirnov test (Collins and others, 2012) . The Lilliefors test was done using the nortest R package (Gross and Ligges, 2015) .
After evaluating the normality of the dataset, the differentiation of sediment sources was evaluated using the Kruskal-Wallis H test combined with a multivariate-discriminant analysis and a linear discriminant analysis (LDA). The sources were categorized into multiple groups based on source material (bank, bed, levee), basin (main stem, NF, and SF), reaches (A, B, C, NF and SF; fig. 1 ) and soil horizon (A and B; table 1). The main-stem Sprague River was divided into 3 reach categories (A, B, and C). Splitting up the main stem into three separate reaches allows for investigating differences of sediment signatures in smaller reaches of the larger main stem, which is a spatial scale more applicable to restoration efforts in the basin. Reach A included samples collected from the Maset coarse sandy loam and the Woodcock gravelly medial loam soil units at the most downstream sites on the Sprague River. Reach B included samples collected from the Klamath-Ontko-Dilman complex in the Sprague River Valley downstream of the Sprague-Sycan confluence; and reach C included sites and samples in the Sprague River between the NF and Sycan confluences, also within the Klamath-Ontko-Dilman complex. The NF and SF reaches are identical to the NF and SF basin categories. Statistics evaluating samples collected from distinct mapped soil units also were evaluated, but most of the samples were collected from the Klamath-Ontko-Dilman complex, which would result in comparing a large group size (n=52) to much smaller group sizes for the three other soil unit samples (n=7,3, and 1). Therefore, statistical tests were not done on the soil unit groups to avoid reporting spurious results.
The first step of the statistical process used the Kruskal-Wallis H-test to determine if there are statistically significant differences between the fingerprint properties for each source category by comparing concentrations of elements in the samples (Collins and Walling, 2002) . The null hypothesis is that concentrations of specific elements show no significant differences between source category. A rejection of the null hypothesis, or a statistically significant output, means that there is a difference in concentrations. This method does not confirm which sourcepair combination is significantly different; it only confirms that a difference exists between concentrations in at least two sources.
The second step involved multivariate-discriminant analysis to determine the optimal combination of fingerprint properties that passed the Kruskal-Wallis H-test that can be used to differentiate the sources in each category. This was a two-stage process. The first stage was stepwise forward variable selection based on the minimization of the Wilks' Lambda. The Wilks' Lambda test is a direct measure of the proportion of variance in the combination of fingerprint properties that is unaccounted for by the source classification. Stage two was an LDA, which tests how well the combination of fingerprint properties (composite fingerprint) predicts or classifies the sources, also called the re-classify fitness test. These fingerprint properties are interpreted as the optimum composite fingerprint that discriminate between each source category.
Results
Quality Assurance
Quality assurance of sample results was assessed in two different ways. First, replicate samples were collected to test the variance of the analytical results within the laboratory. The replicate samples, taken from samples collected from individual soil horizons, were separated after the samples were wet sieved and prior to sample shipment to the laboratory. Replicate samples for elemental analysis (RTI Laboratories) and TC, TN, and stable isotope analysis (RSIL) were collected from the sites shown in table 2. Results from those comparisons are shown in tables 3 and 4, respectively. Relative percent difference (RPD) for elemental analysis for the primary and replicate samples ranged from 0 percent to 91 percent. The highest RPDs occurred in Ar and Ag results that were at low concentrations. For the remaining samples, the RPDs were less than 20 percent except for one P sample at Sprague River near RM 29.5, which had an RPD of 35 percent, and one Na sample at Sprague River near RM 62.5, which had an RPD of 22 percent. RPDs for replicate samples of TC and TN ranged from 0 to 21 percent. RPDs for carbon stable isotope results ranged from 0.73 to 1.19 percent, and nitrogen stable isotope results ranged from 2 to 4 percent. The difference between all stable isotope replicate samples was within the laboratory uncertainty for isotopic results, which was reported as 0.5 per mil for a 2-sigma confidence interval. The second QA method compared composite samples to mathematical composites of individual soil horizons collected at some sample locations following methods by the British Columbia Ministry of Environment (2001) . The purpose of comparing the composite samples to the mathematical composite of the individual horizons was to measure the variability of individual samples within the composite sample. This analysis determines if collecting composite samples of various soil horizons at a given location is an appropriate representation of the soil concentrations at a given site. Measurement of the variability of samples within a composite was achieved by calculating the within-composite standard deviation using equation 1. The average of the discrete samples within the composite also was calculated and compared to the composite concentration, and an RPD also was calculated. Within-composite standard deviations were not calculated for discrete results that were left-censored (less than a specified value), or for stable isotope results.
where s is the standard deviation, N is the number of discrete samples within the composite, D is the analytical value of the jth discrete sample in the ith composite, and C is the analytical value of the composite analysis.
Results of within-composite standard deviations for each fingerprint property are shown in table 5. Within-composite standard deviations were compared to the overall standard deviation in the dataset for each fingerprint property, resulting in 85 percent of the within-composite standard deviations being less than the overall standard deviation in the dataset for individual fingerprint properties. RPDs of the composite concentration compared to the average of discrete concentrations in a sample ranged from 0 to 88 percent, with higher RPDs reported for lowconcentration samples (table 5) . RPD and within-composite standard deviation results were variable at different sites for the same fingerprint property, suggesting that the compositing technique in the field either was not consistent at each site or that sample compositing may not be the best method for determining fingerprinting properties by soil horizon at a given sample location. Of the 60 samples used in the data analysis, 4 samples were composite samples. 
Laboratory Analysis Results
Concentrations of 31 fingerprint properties (29 for elemental analysis and 2 for stable isotope analysis) were determined for each sample. Concentrations of 7 elements (B, Cd, Mo, Ag, Th, Ar, and Se) were routinely at or below the ICP-AES detection limit. The method reporting limit (MRL) for these and all other analytes varied based on dilution factors necessary to conduct the analyses. For example, the concentrations of B for the four samples at site North Fork near RM 4 were reported as 2, less than (<) 30, <30, and <31 mg/kg. The method detection limit (MDL) for B is 0.43 mg/kg, and the MRL is about 6 mg/kg. If the sample did not require dilution, the concentration of B between the MDL and the MRL could be reported without being left-censored (less than) but is considered an estimated value, as is the case for the result of 2 mg/kg (estimated results were retained for statistical analysis). If the sample did require dilution, the factor by which the sample was diluted elevated the MRL, resulting in a range of MRL values reported by the laboratory for each analyte (appendix 1). For the example case of the samples from the "North Fork near RM 4" site, some samples analyzed for B required a 5× dilution, which elevated the MRL to 30 mg/kg, and resulted in a left-censored result (<30 mg/kg). The seven elements (analytes) listed above whose concentrations decreased below the MRL, or were left-censored, were not used in the statistical procedure described in section, "Statistical Analysis Results," resulting in 24 fingerprint properties used in the statistical analysis. Although methods are available to glean information from laboratory results when they decrease below an MRL, the use of those methods is not advantageous for the objectives of statistical procedures used in this study.
Statistical Analysis Results
The results of the Lilliefors normality test showed that 72 percent of the fingerprint properties failed the test (p>0.05), confirming that the data were not normally distributed (table  6) . Thus, non-parametric Kruskal-Wallis H-tests were deemed appropriate for analyzing the dataset for step 1 of the statistical analysis.
The results of the Kruskal-Wallis H-test for differentiating between source types in each category are presented in table 7. This test showed that 11-21 of the 24 fingerprint properties had statistically significant results (p<0.05) for material, basin, and reach, and could be used to distinguish samples within these three categories. For the basin category, only the SF (30 samples) and main stem (29 samples) were tested owing to the disproportionately small number of samples collected in the NF (7 samples). The following fingerprint properties could be used to distinguish between samples in the material, basin, and reach source categories: Ca, C, TN, P, Be, Ni, V, δ 13 C, and δ 15 N.
Five fingerprint properties (Ca, C, TN, P, and Sb) could be used to distinguish between samples within the soil horizon category. The significant result for P for the soil horizon category likely was the result of one outlier value with a high P concentration (460 mg/kg) from an A horizon sample at one of the SF sites (South Fork Sprague River near RM 3.5). The distribution of P results from the rest of the samples were in the range of 20-180 mg/kg for the A and B horizons. In this study, Mg and Cr were the weakest fingerprint properties and could not be used to distinguish between fingerprint properties in any category. [Bold values indicate a statistically significant result. Fingerprint property: Ca, calcium; Mg, magnesium; K, potassium; Na, sodium; C, carbon; Si, silicon; TN, total nitrogen; P, phosphorus; Al, aluminum, Ba, barium; Be, beryllium; Cr, chromium; Co, cobalt; Cu, copper; Fe, iron; Pb, lead; Li, lithium; Mn, manganese; Ni, nickel; V, vanadium; Zn, zinc; Sb, antimony; δ 13 C, carbon stable isotopes; δ 15 N, nitrogen stable isotopes. Abbreviation: n, sample size] Multivariate discriminant analysis was not used to evaluate the five fingerprint properties used to differentiate soil horizons owing to the small number of significant results from the Kruskal-Wallis H-test. When the multivariate-discriminant analysis was applied to the source material data subset (those fingerprint properties that could be used to distinguish between samples) for material, basin, and reach, only three fingerprint properties were selected as the optimum combination for differentiating the individual sources in the material category (table 8) . They were, in order of explanatory value, Sb, Cu, and Mn. This composite fingerprint was able to correctly classify 66.7, 36.4, and 89.2 percent of the bed, levee and bank material, respectively (table 9).
In the basin category, the composite fingerprint of δ 15 N, Al, Si, and V was able to correctly classify between the SF and main stem 100 percent of the time. In the reach category, the combination of δ 15 N, Zn, Al, Be, δ 13 C, V, Si, P, Co, Na, and Li correctly classified reaches Main Stem A, Main Stem B, Main Stem C, NF, and SF 100, 92.9, 80, 100, and 100 percent of the time, respectively (table 9). 
Discussion
The composite fingerprints that differentiate multiple source area categories for the sites in this study can correctly classify sources 36.4-100 percent of the time (table 9 ). The categories with the highest correct classification percentages and the composite fingerprint with the most analytes were based on location; basin and reach, respectively. These results suggest that fingerprint properties could be used to differentiate basins and reaches, but additional sampling to increase the sample size, especially in the North Fork Sprague River Basin, would confirm these results. The composite fingerprint of δ 15 N, Al, Si, and V that classified the SF and mainstem basins 100 percent of the time suggests a unique signature of the SF compared to the mainstem Sprague River, which could be explained by land alterations in the SF, described by a high density of flow manipulation structures compared to other reaches in the Sprague River (O'Connor and others, 2015) . Subdividing the basins into reaches resulted in a larger number of analytes (11) within the composite fingerprint compared to basin and material categories (four and three analytes, respectively) that could be used to differentiate sediment samples. This is likely because the sites represented in reach A were collected from mapped soil units different from the Klamath-Ontko-Dilman complex, which was the soil unit sampled at the sites in the other four reach categories (reach B, reach C, and North and South Forks). This indicates that the Woodcock gravelly medial loam and Maset coarse sandy loam have distinct signatures from the Klamath-Ontko-Dilman complex and indicates a high degree of spatial variability of sediment characteristics within the main-stem Sprague River in particular, even within the same mapped soil unit. The composite fingerprint for the reach category highlights the need for large spatial distribution of sites to adequately characterize changes in bank, bed, and levee sediment in a large basin such as the Sprague River Basin.
The lowest correct classification percent was based on material (bank, bed, levee). This result is not surprising given that, in the Sprague River Valley, most sediments are floodplain silts, sands and clays (O'Connor and others, 2015) . They may have been reworked or anthropogenically modified, but they remain floodplain-derived sediments. The overall lowest classification percentage was for levees (36.4 percent), which historical references have shown were derived from excavated channels within the floodplain (O'Connor and others, 2015), but could also have included fill material from different areas within the basin (Dani Watson, Oregon Water Resources Department, oral commun., July 26, 2019). The unknown source of material from the levees and the fact that they were artificially constructed and, therefore, would not represent a soil formed naturally in place could have affected the low classification rate. In this study, the location of the sediment and the basin or stream reach from where it was collected has a greater influence on the fingerprint properties than source material (bank, bed, levee), which likely is owing to geology, localized land use, variability of soil characteristics within the same mapped soil unit, and variability in soil geochemistry between different soil units.
The pollutant of concern in the Sprague River Basin is P, and our results show that P in sediment samples ranged from 20 to 1,000 mg/kg (n=62), with the highest concentrations occurring in two bed material samples in the North Fork Sprague River Basin (1,000 and 430 mg/kg P), and one A horizon sample from a bank in the South Fork Sprague River Basin (460 mg/kg P). Soils in the Sprague River Basin are expected have high concentrations of P because of their volcanic origin from the eruption of Mount Mazama (Crater Lake) about 6,800 years ago (Graham and others, 2005) . Although the results suggest that bank and bed sediments in these localized areas contain high concentrations of P, additional sampling is required to confirm if the concentrations are consistently high in these areas of the Sprague River Basin.
Future Sprague River Sediment Fingerprinting Studies
This proof-of-concept study indicates that there are unique combinations of fingerprint properties (composite fingerprints) in bank, bed, and levee sediment from the Sprague River Basin that can be used to differentiate between a variety of sediment source categories. Additional sampling would be required to more adequately characterize the North Fork Sprague River, given that only seven samples were collected from that basin. Following an additional sampling effort, the next logical progression of this pilot study would be to use these fingerprint properties to quantify the relative contribution of each source category to sedimentation downstream. More details about the steps involved in a more comprehensive study are available in Walling and Collins (2008) and Gellis and Walling (2011) . The next steps generally would be:
1. Take additional samples of reaches to provide a more robust dataset, with a focus on the NF Sprague River Basin where few samples were collected, and those areas in the NF and SF where P concentrations were high. 2. Refine unique fingerprint properties to differentiate between sources using the statistical procedures outlined in this report. 3. Collect suspended-sediment samples from predefined locations in the Sprague River Basin using either passive samplers or isokinetic samplers during storm events to determine fingerprint properties for sediment in transport. Analyze the sediment in the samples for the same fingerprint properties evaluated in this report. 4. Calibrate and run publicly available un-mixing models such as the Sediment Source Assessment tool (Sed_SAT) (Gorman Sanisaca and others, 2017) to determine the relative contribution of various sediment sources to sediment and P loads in the Sprague River Basin. An understanding of sediment sources and associated P loading in the Sprague River Basin is important for improving water quality and hypereutrophic conditions in UKL, which is the primary habitat for two federally endangered suckers. The TMDL requirement of a 40 percent reduction in external P loads is intended to limit cyanobacterial blooms and thereby improve lake water-quality conditions for those protected species. Sediment fingerprinting is a promising technique that can determine the sources of sediment and associated P in the Sprague River Basin. A comprehensive study would facilitate prioritization for restoration efforts designed to reduce external loads and improve water-quality conditions in UKL.
